A higher resolution magnetic bottle photoelectron spectrometer for the study of the electronic structure of size-selected metal clusters is presented. The initial study on Fe n Ϫ ͑nϭ3-24͒ is reported at a photon energy of 3.49 eV. The photoelectron spectra of these clusters exhibit sharp features throughout the size range. The spectra for Fe [3] [4] [5] [6] [7] [8] Ϫ show large size dependence with many resolved features. The spectra for Fe 9-15 Ϫ exhibit some similarity with each other, all with a rather sharp feature near the threshold. An abrupt spectral change occurs at Fe 16 Ϫ , then again at Fe 19 Ϫ and Fe 23 Ϫ . These photoelectron spectral changes coincide remarkably with changes of the cluster reactivity with H 2 . Extended Hückel molecular orbital ͑EHMO͒ calculations are performed for all the clusters to aid the spectral interpretations. The calculations yield surprisingly good agreement with the experiment for clusters beyond Fe 9 when body-centered cubic ͑bcc͒ structures are assumed for Fe 9-15 and a similarly close-packed structure with a bcc Fe 15 core for the larger clusters. The EHMO calculations allow a systematic interpretation of the sharp photoelectron spectral features in Fe 9-15 Ϫ and reproduced the abrupt spectral change taking place from Fe 15 Ϫ to Fe 16 Ϫ . Most importantly, the reactivity changes of the clusters with H 2 are successfully explained based on the detailed electronic structures of the clusters, as revealed from the photoelectron spectroscopy ͑PES͒ spectra and the theoretical calculations. The calculations also correctly predict the existence of magnetism in these clusters and yield reasonable values for the cluster magnetic moments.
I. INTRODUCTION
One of the fundamental issues in the study of metal clusters is to understand the electronic structures of these intermediate systems and their evolution toward bulk band structure as the cluster size increases. 1 Of all the metal clusters, transition metal clusters are of particular interest due to their diverse physical and chemical behavior. Unusual physical and chemical properties are expected for these clusters. Some of these clusters are found to be magnetic with significantly higher magnetic moments than in bulk materials. [2] [3] [4] [5] Their chemical reactivity is also found to be strongly size-dependent. [6] [7] [8] [9] [10] [11] [12] [13] [14] Primarily due to the presence of partially filled d orbitals, however, the transition metal clusters have presented considerable challenges theoretically. Even the dimer systems are found to have very complicated electronic structures and the nature of their bonding properties has not been completely understood. [15] [16] [17] [18] [19] [20] [21] Heretofore, very little is known about the detailed structures of transition metal clusters and their electronic properties. Two early review articles have summarized the experimental and theoretical aspects of transition metal clusters. 22, 23 One of the most extensively studied transition metal cluster systems is the iron cluster systems. Research on the chemical reactivity of iron clusters reveals a strong size effect. [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, the reactivity of small iron clusters with H 2 exhibits striking size dependency with orders of magnitude variations in reaction rate between sizes 15 and 16, 18 and 19, and, to a less extent, between 22 and 23. 8, 9 Because of the unique ferromagnetic properties of bulk iron, studies on the magnetic properties of the small iron clusters have drawn considerable interests. All iron clusters are found to be magnetic with higher moments than those found in the bulk. [2] [3] [4] [5] In other experimental aspects, ionization potentials ͑IPs͒ ͑Refs. 24 -26͒ and dissociation energies of the positive clusters 27 have been measured. Several possible interpretations have been proposed to account for the dramatic size dependency of the chemical reactivity of the iron clusters with H 2 . Whetten et al. first made the interesting observation between the cluster reactivity and the cluster IPs. 9 Their proposed model for the reactivity involved the cluster-to-hydrogen charge transfer. Subsequently, Siegbahn et al. focused on the detailed electronic structure of the clusters on the reactivity and showed that the correlation between the IP and reactivity is only a secondary consequence of the electronic structure of the clusters. 28 Moreover, Richtsmeier et al. stressed the geometrical structure effect on the cluster reactivity. 8 Recently, Conceicao et al. found that there is a better correlation between the cluster reactivity and the difference of the cluster IP and a͒ To whom correspondence should be addressed.
EA. 29 They proposed that the reactivity is determined by an entrance channel barrier, with a magnitude proportional to the ͑IPϪEA͒ difference.
Theoretically, several studies have attempted to understand the electronic structure of the iron clusters. [30] [31] [32] [33] [34] [35] [36] However, the complicated nature of these systems only allows a few selected high symmetry and very small systems to be studied. It is worth mentioning the IP calculations by Pastor et al. with a tight-binding method. 33 They systematically treated Fe n from nϭ3 to 25 and found good agreement with measured IPs by assuming a body-centered cubic ͑bcc͒-type structure for nу9. Ab initio calculations have only been performed for the iron dimer. 19,20,34 -36 Because of the high density of electronic states found in transition metal clusters, conventional laser spectroscopic techniques cannot be applied to these clusters except to dimers and, perhaps, a few trimers. Photoelectron spectroscopy ͑PES͒, involving single-photon, nonresonant transitions from the ground state of a size-selected anion cluster to the various states of the neutral cluster, is ideal to probe the electronic structure of clusters. [37] [38] [39] [40] [41] [42] [43] We have completed a modified magnetic-bottle time-of-flight ͑MTOF͒ PES apparatus with high mass resolution and improved electron energy resolution. 38, 44 It is aimed to obtain high resolution PES spectra for a wide range of cluster systems. [45] [46] [47] [48] The combination of a laser vaporization cluster source and the high efficiency and higher resolution capabilities of this apparatus will allow many novel clusters to be studied in considerable detail.
In this paper we report the details of the MTOF-PES apparatus and the first PES study on Fe n Ϫ clusters for nϭ3-24. Well-resolved PES spectra at 3.49 eV photon energy for these clusters are presented. In contrast to the expectation that the high density of states for transition metal clusters would yield broad spectra, we have observed consistent sharp spectral features near the threshold through the whole size range studied. More interestingly, the observed PES spectral variations correspond well with the cluster chemical reactivity changes with H 2 , suggesting the importance of the electronic structure to the cluster reactivity. To aid the spectral interpretations and gain insight into the details of the cluster electronic structure, we carry out extended Hückel molecular orbital ͑EHMO͒ calculations for all the clusters. Surprisingly, the EHMO results yield qualitative agreement with the experiment. The calculations also provide important insights into the chemical reactivity of the clusters, as well as the cluster magnetism.
The organization of this paper is as follows. In Sec. II, we report the details of our MTOF-PES apparatus, which currently can achieve a mass resolution (M /⌬M ) of more than 500 and an electron energy resolution of better than 20 meV at 1 eV electron kinetic energy. We use EHMO theory to calculate the electronic states for a variety of chosen cluster structures. The details of the EHMO calculations are described in Sec. III. The PES spectra of the Fe n Ϫ cluster for nϭ3-24 are then presented in Sec. IV. The calculated results are used to help interpret the experimental observations. In Sec. V we give further in-depth discussions on the iron cluster electronic structure. We pay particular attention to the cluster chemical reactivity with H 2 and the cluster magnetism. It will be shown how the electronic structure information obtained is used to give a microscopic understanding of the size dependence of the cluster reactivity. Finally, Sec. VI summarizes the conclusions derived from the present work. Figure 1 shows a schematic view of our MTOF-PES apparatus. It consists of a laser vaporization cluster source, a modified Wiley-McLaren time-of-flight ͑TOF͒ mass spectrometer, a mass gate, a momentum decelerator, and a MTOF electron analyzer. In the following paragraphs we describe each part in detail.
II. EXPERIMENT

A. Cluster source
A sufficiently cold and intense negative cluster beam is essential for high resolution PES experiments. Due to the electron attachment energy, negative cluster ions can carry substantial internal energies and are more difficult to cool. We use a large ''waiting room'' nozzle and an intense supersonic expansion to maximize cluster cooling. A drawing of the details of the nozzle is shown in Fig. 2 hits the target disk after passing the 2 mm nozzle orifice. The laser beam, typically 20 mJ from the second harmonic of a Nd:YAG laser, is focused down to a 1 mm diam spot onto the target. Two pulsed molecular beam valves ͑R. M. Jordan Co., CA͒, symmetrically mounted, as shown in Fig. 2 , are used to deliver a short and intense helium carrier gas pulse ͑at 10 atm backing pressure͒, which mixes with and cools the laserinduced plasma to produce clusters, including both neutral and charged species. The cluster/He mixture undergoes a supersonic expansion and is skimmed twice to form a wellcollimated cluster beam into the ion extraction chamber. A liquid-nitrogen-cooled nozzle can be used to supplement the supersonic cooling of the clusters. This is not used in the current experiment. Different nozzle geometries can be used to alter the clustering conditions and cluster cooling. The large waiting room nozzle favors cluster formation and is known to produce colder negative clusters.
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B. Mass selection and momentum deceleration
The negative clusters are extracted perpendicularly from the beam by a 1 kV high voltage pulse ͑EUROTEK, HTS50-21͒ and are subjected to a TOF mass analysis. The mass spectrometer used is a modified Wiley-McLaren-type, which was first described by de Heer and Milani for large volume ion extraction and simultaneous high mass resolution. 50 The major modification is an addition of a short free-flight zone in between the two acceleration stages of the original WileyMcLaren design. As shown by de Heer and Milani, this modification can achieve high mass resolution with a large extraction zone appropriate for extracting metal clusters from beams. We have obtained a mass resolution (M /⌬M ) of more than 500 at low masses. It deteriorates at higher masses, mainly limited by the fringe field effect due to the ion steering to compensate for the transverse velocity of the clusters. Implementation of a dynamic ion steering system 50 is expected to increase the mass resolution to over 1000.
A three-grid mass gate is used for mass selection as shown in Fig. 3 . The first and third grids are at ground, and the middle grid is at negative high voltage ͑Ϫ1.1 kV͒ so that no clusters are able to pass. Once the desired cluster arrives at the first grid, the high voltage is pulsed to ground for a short period allowing the cluster to pass unaffected. A fast transistor switch ͑EUROTEK, HTS-30GM͒ is used to deliver sharp and variable width pulses for the mass gate.
Following the mass gate, the selected cluster beam enters a momentum decelerator. Once the cluster packet passes the third grid of the mass gate, a positive square high voltage pulse ͑EUROTEK, HTS-30GM͒ is applied to this grid for the momentum deceleration. The high voltage is pulsed to ground before the ion packet leaves the deceleration stack, which consists of ten guarded rings to ensure a uniform deceleration field. Both the pulse amplitude and the pulse width can be varied to achieve the best deceleration effect. All ions experience the same decelerating force within the same time period, thus will be decelerated by the same amount of linear momentum. Markovich et al. first used this deceleration strategy in their MTOF-PES apparatus and have shown that it works quite effectively. 51 The large volume ion extraction imparts a substantial amount of initial energy spread on the cluster beam, making the usual retarding field deceleration very ineffective. 38 The momentum decelerator not only allows more deceleration, but also yields less ion spread. In contrast to the retarding field deceleration where the ion energy distribution does not change after the deceleration, the final ion energy distribution after the momentum deceleration is reduced approximately as the following for a mass selected cluster packet:
where E i and ⌬E i are the initial ion mean kinetic energy and the initial ion energy distribution, and E f and ⌬E f are the final ion mean energy and energy distribution after the momentum deceleration, respectively. As will be shown below, this deceleration step is crucial to improve the MTOF electron energy resolution due to the minimization of the Doppler broadening. Figure 4 illustrates the working of the mass gate and the momentum deceleration. Figure 4͑a͒ shows the mass spectrum of Cu ϩ from laser vaporization of a Cu target. The two isotopes of Cu are well-resolved. Each peak has a width ͑FWHM͒ of about 35 ns, yielding a mass resolution of about 480. Figure 4͑b͒ shows the mass selected 65 Cu ϩ isotope peak, while Fig. 4͑c͒ shows the decelerated 65 Cu ϩ peak by a 2 kV, 550 ns wide pulse. The ions after the deceleration have a mean energy of about 30 eV in this case, compared to 1000 eV initial beam energy with a roughly 10% spread. There is still moderate beam spread after the deceleration as shown in Fig. 4͑c͒ . However, this represents the spread at the detector that is much further down stream from the decelerator. At the interaction zone, only 3 cm away from the decelerator, the beam spread should be much better. Furthermore, the beam spread will be much less severe for heavier clusters due to the smaller velocity distribution.
C. Magnetic-bottle time-of-flight photoelectron spectrometer
The magnetic-bottle type of TOF photoelectron spectrometer first described by Kruit and Read 44 is ideal for the study of clusters due to its high collecting efficiency ͑2 solid angle͒, which compensates for the low cluster number density. This design has since been implemented for negative cluster studies and configured to collect all 4 solid angles. 38, 39 Our apparatus is a modified 4 version of the MTOF, using a pulsed electromagnet for the high field ͑ϳ500 G͒. This externally mounted magnet allows ultrahigh vacuum conditions ͑10 Ϫ10 Torr͒ to be obtained in the electron detachment zone. 38 As shown in Fig. 1 , the MTOF is located at the end of the TOF mass spectrometer. The detachment zone is 3 cm downstream from the momentum decelerator. A set of in-line microchannel plates, about 12 cm down from the detachment zone, is used as the cluster mass detector. The MTOF tube is 3.5 m long, at the end of which is located a fast Z-stack electron detector. Not shown in the figure are the high field external electromagnet, and the low field solenoid and the double -metal shielding along the 3.5 m MTOF tube.
As mentioned above, the Doppler broadening is a serious resolution limiting factor for the MTOF due to the initial ion kinetic energy. Since photoelectrons are collected from all 4 solid angles, the electrons acquire a maximum velocity spread of 2v in the laboratory frame as a result of the finite parent ion velocity, v. The resultant electron energy spread can be expressed as
where E e and E are the kinetic energies of the photoelectrons and the parent negative cluster ions, respectively, while m e and m are the corresponding masses. Figure 5 shows the effect of the cluster deceleration on the electron energy resolution of Cu Ϫ at 3.49 eV photon energy. 52 The bottom panel shows a deceleration of the Cu Ϫ with a 2 kV and 600 ns pulse. The Cu Ϫ ions have a mean kinetic energy of less than 10 eV. The 2 S peak has a FWHM of 50 meV, and the two excited state peaks have a FWHM of about 30 meV. Further deceleration of the Cu Ϫ does not improve the resolution any more, suggesting that this resolution is no longer limited by the Doppler broadening. We have demonstrated that by simply replacing the high field electromagnet with a permanent magnet ͑yielding ϳ700 G at the interaction region͒ about 20 meV resolution can be achieved at 1 eV electron kinetic energy. 53 Even better resolution is expected at lower electron kinetic energies ͑Ek͒ since the resolution (⌬E) varies as ͑Ek͒ 3/2 . Cha et al. also achieved impressive resolution in a similar MTOF PES apparatus by using essentially a retarding field deceleration method, which works well in their case primarily due to the very low extraction voltage used. 43 
FIG. 4. ͑a͒ Mass spectrum of Cu
ϩ from laser vaporization of a Cu disk, showing the two well resolved isotopes of Cu ͑ 63 Cu, 69%, and 65 Cu, 31%͒. The mass resolution here is M /⌬M ϭ480. ͑b͒ Mass-selected 65 Cu ϩ isotope peak. ͑c͒ Decelerated 65 Cu ϩ isotope peak with a high voltage pulse ͑2 kV pulse height, 550 ns pulse width͒.
FIG. 5. Photoelectron spectra of Cu
Ϫ at 3.49 eV photon energy showing the effect of ion deceleration on the photoelectron energy resolution. Deceleration pulse ͑a͒ 2 kV, 200 ns; ͑b͒ 2 kV, 400 ns; ͑c͒ 2 kV, 600 ns.
Oxide contamination is known to be a serious problem in laser vaporization generation of metal clusters. There are three major oxygen sources; ͑1͒ oxide layer on the target surface; ͑2͒ trace amount of oxygen impurity in the carrier gas; and ͑3͒ adsorbed water and oxygen on the interior walls of the gas lines and the pulsed molecular beam valves. To minimize the problem, we use ultrahigh purity He ͑99.9999%͒ as the carrier gas with an inline liquid nitrogen trap. Before each experiment, the gas lines and the pulsed valves are fully baked with He flushing to desorb any water and oxygen. The target surface oxide layer can be substantially reduced after the target is laser ablated several times. With these measures, the Fe n O Ϫ signals are reduced to less than 5% of the pure clusters and they are diminished after continuous use of the target. For n up to 8 we could separate the pure clusters from the oxide clusters completely. However, due to the 5.8% natural abundance of 54 Fe, the Fe n O Ϫ peak would overlap with the pure clusters for n larger than 8. We estimate the Fe n O Ϫ contamination is no more than 1% in the worst case. Using an O 2 /He mixed carrier gas, we have studied Fe n O Ϫ clusters for n up to 16, which are interesting in their own right. 48 The PES spectrum of Cu Ϫ is used for the spectrometer calibration. All the PES spectra of the Fe n Ϫ clusters are taken at comparable resolution as that of the best Cu Ϫ spectrum, as shown in Fig. 5͑c͒ . The iron clusters are heavier than the Cu atom and can be decelerated more easily than the Cu Ϫ anion since the heavier ions have narrower velocity distributions. The third harmonic of a Nd:YAG laser ͑3.49 eV͒ is used for the detachment. Each spectrum is averaged with between 30 000 and 60 000 laser shots at 10 Hz repetition rate. The electron kinetic energy spectra are subtracted from the photon energy to obtain the electron binding energy spectra presented.
III. INTERPRETATION OF PHOTOELECTRON SPECTRUM AND EXTENDED HÜ CKEL MOLECULAR ORBITAL (EHMO) CALCULATIONS
A. Interpretation of photoelectron spectrum
Photoelectron spectroscopy probes the electronic structure of matter. Photodetachment transitions occur between the ground state of an anion to the ground and various excited states of the corresponding neutral. PES spectra are usually interpreted based on the single electron approximation, where single electron removals from occupied MOs yield the spectral features. Although this approximation is quite crude and ignores relaxation effects, multiplet splittings, and electron correlations, it still provides a useful means to interpret the main PES spectral features and can yield much insight into the molecular bonding and electronic structures. Due to their high numbers of unpaired d electrons, iron clusters have been very difficult to treat theoretically. Several theoretical studies have been performed on the electronic structure of a few selected Fe clusters. [30] [31] [32] [33] [34] [35] [36] However, a detailed interpretation of the current PES spectra based on these calculations is not yet possible.
To illustrate the difficulties in treating these systems, it might be instructive to point out that even the electronic structure of the dimer, the only iron cluster that has been well studied, is still not been fully understood. Leopold and Lineberger obtained a beautiful vibrationally resolved PES spectrum of Fe 2 Ϫ at 2.540 eV photon energy. 17 In contrast to previous calculations, which predicted Fe 2 would have 112 states within 0.5 eV above its ground state, 16 they only observed two states. This was interpreted to be due to a rather strong d -d interaction. 18 The ground state configuration of the anion was assigned to be 3d 13 4s 2 4s * 2 and the two PES features were assigned to be from detachment of a 4s * electron either high-or low-spin coupled with the unpaired 3d electrons-leading to a 3d 13 4s 2 4s * 1 ground state configuration for Fe 2 . Two ab initio calculations have followed this work, and the most recent calculation yields a 3d 14 4s 2 ground state configuration for Fe 2 , in disagreement with the experimental assignment. 19, 20 Not surprisingly, there has been no ab initio calculation on the iron clusters beyond the dimer.
Therefore, it is a formidable task to interpret the PES spectra of the iron clusters. As a first step to systematically understand the PES spectra and gain better insight into their electronic structure, we have carried out EHMO calculations on all the clusters presented here. The geometrical structures of the clusters are systematically selected except for Fe [6] [7] [8] . The EHMO theory has been used previously to study the structures and bonding of several metal clusters and has been shown to yield reasonable results for alkali clusters. 54 -56 We attempt to use the EHMO results as a guide in the spectral interpretation and compare them with other results where available. Despite its simplicity, the EHMO results give qualitative agreement with the current experiment, leading to important insight into the electronic structure of these clusters. Emphasizing the qualitative nature of the EHMO results, we look for insight that can be obtained from these calculations about the complicated electronic structure of the Fe clusters.
B. Extended Hü ckel molecular orbital calculations
The extended Hückel theory is a semiempirical quantum mechanical method 57 that has considerable success in studying chemisorption phenomena on surfaces and a variety of solid state chemistry and physics problems by Hoffmann and co-workers. [58] [59] [60] It provides a simple and heuristic view on many physical and chemical processes in the condensed phase, despite its admitted lack of numerical accuracy.
The EHMO computational procedure can be briefly described as follows. One starts with the Fock equation
FCϭESC, ͑3͒
where C denotes the molecular orbital coefficient matrix and E is the energy matrix. The overlap matrix S can be conveniently calculated from the basis set. In the EHMO scheme, the Fock matrix F is defined as the following: its diagonal elements are completely determined by the valence state ionization potentials of the atomic orbitals; the off-diagonal elements are defined by the diagonal matrix elements as well as the overlap matrix elements and interaction matrix elements that are purely empirical parameters. The Fock matrix possesses correct symmetry properties arrived from the given molecular structures, and the built-in atomic ionization potentials are directly obtained from experimental measurements. Therefore, EHMO theory yields correct symmetry information on the molecular orbitals, and the calculated energy levels usually correlate reasonably well with the molecular ionization potentials. The EHMO scheme normally uses a noniterative procedure. One can solve the Fock equation by direct matrix diagonalization to obtain the molecular orbitals and the energy levels. Thus, computationally, it is highly efficient. Unfortunately, in the EHMO scheme, there is no repulsive term built into the Fock matrix. As a consequence, the original EHMO theory cannot be used to optimize molecular geometry. Recently, several studies have shown that when the repulsive forces are included, the EHMO theory can yield quite reasonable optimized geometries for a large number of molecules, as well as several cluster systems, while still maintaining its high computational efficiency. 61 The geometrical structures of the small iron clusters are not known, and they are difficult to obtain both experimentally and theoretically. Riley and co-workers have done extensive work using chemical means to probe the structures of the iron clusters. 12, 14, 62, 63 One noted conclusion is that a bcc closed shell structure is a very likely candidate for Fe 15 . 12 Polyicosahedral types of structures have been proposed for Fe 19 33 In the present calculations, we choose the cluster geometrical structures based on this limited previous knowledge. In particular, we choose the bcc structure for Fe 9-15 , encouraged by the work of the IP calculations 33 and the experimental indication about the bcc structure for Fe 15 .
12 Beyond Fe 15 , we use a close-packed structure based on the bcc Fe 15 core. For Fe [3] [4] [5] , we use the most recent results from density functional calculations. 36 In some cases, several structures are tested.
In the EHMO scheme, the 3d, 4s, and 4p of Fe are taken as valence orbitals, of which the 4s and 4p are represented with a set of single zeta basis functions and the 3d with double zeta basis functions. For each cluster, we obtain a set of electronic energy levels and the corresponding molecular orbitals at a given geometry. A central issue is the assignment of the electron occupancy in these levels. While the lower levels are doubly occupied, the occupancy in the upper levels may be singlet, depending on the specific energy level structures. For the iron clusters, the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ would be nearly degenerate if all electrons were paired in the occupied orbitals. Therefore, according to the Hund's rule, 65 the electron pairs in the upper levels are broken into singly occupied levels; the excess electrons are then transferred into the higher energy levels until an apparent energy gap ͑0.5 eV or larger͒ is encountered. This is natural to do since it lowers the electron-electron repulsion due to the exchange energy. 65 In doing so consistently, we obtain a set of occupied energy levels for each cluster with numerous unpaired electrons; thus, the magnetism in these clusters is ''naturally'' revealed. The same effect ͑i.e., the exchange interaction͒ produces magnetism in bulk metals. 65 The numbers of unpaired electrons from the EHMO calculations are listed in Table I . The structures of these clusters that are used are shown in Figs. 6 -10. The occupied energy levels, according to their degeneracy and electron occupancy, are plotted as stick spectra in Figs. 6 -10 by aligning the HOMO with the threshold features in the experimental PES spectra.
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IV. RESULTS AND SPECTRAL INTERPRETATION
The PES spectra of Fe n Ϫ ͑nϭ3-24͒ are shown in Figs. 6 -10 with the EHMO occupied energy levels plotted as the stick spectra. The cluster structures used in the EHMO calculations are also shown in the figures. Our results for Fe 9-16 Ϫ have been reported briefly before. 67 The weak features at the low binding energy side, common to all the spectra, are due to hot band transitions or minor isomers with low electron affinities ͑EAs͒ since their intensity varies with the cluster source conditions while the main features remain the same. Well-resolved spectral features are shown for the small clusters, and they are quite different from each other, indicating the molecular nature of the small clusters. The spectra of the larger clusters get increasingly diffuse and they seem to show certain systematic changes. One of the most striking features in the spectra is the sharp peak near the threshold for Fe 9 19 Ϫ , this small feature becomes a well-resolved peak, and at the same time the whole spectrum shifts to lower binding energy. This pattern seems to repeat from Fe 20 Ϫ to Fe 23 Ϫ , where a well-resolved threshold peak appears and the spectrum is again shifted to a lower binding energy. Interestingly, these spectral pattern changes coincide exactly with the chemical reactivity changes of the iron clusters. 8 The first spectroscopic information obtained from the spectra is the EA of the clusters and its size evolution. There are two definitions of the EA; the vertical EA is the transition energy from the ground state of the anion to the neutral ground state at the same nuclear configuration; the adiabatic EA is the 0-0 transition energy from the anion to the neutral. In the absence of resolved vibrational structures, the adiabatic EA cannot be determined accurately. The vertical EA can be obtained from the peak maxima of the first PES feature. However, even the latter cannot be determined accurately when there are broad and overlapping features near the threshold such as seen in Fe 6 Ϫ and Fe 7 Ϫ . Therefore, to facilitate comparisons of the EA change as a function of cluster size and to be systematic and consistent, we use the following procedure to estimate the adiabatic EA. Draw a straight line along the slope of the threshold feature and find the binding energy value where this line is crossed with the binding energy axis. This value plus a constant value of 0.07 eV ͑this accounts for the finite thermal excitations and instrumental resolution͒ is taken to be the adiabatic EA. The EAs obtained in this manner for the iron clusters are listed in Table II and plotted in Fig. 11 . We generously assign an error bar of 0.08 eV although the EAs can be more accurate when sharp features appear at the threshold. 8 
A. Fe 3 -Fe
Fe 3
The spectrum of Fe 3 Ϫ shown in Fig. 6 is more complicated than that of Fe 2 Ϫ . 17 Beside the two well-separated bands at the lower binding energies, there are more unresolved transitions at the high binding energy side. The most recent local spin density approximation ͑LSDA͒ calculation by Castro and Salahub suggests an equilateral triangular structure for Fe 3 with a bond length of 2.10 Å. 36 Using the same structural parameters, we performed EHMO calculations that yielded eight unpaired electrons in agreement with the LSDA calculations. The energy level diagram from the current calculations is displayed in Fig. 12 . Note the large
FIG. 6. Photoelectron spectra of Fe 3
Ϫ to Fe 8 Ϫ at 3.49 eV photon energy. The stick spectra are the occupied energy levels from the extended Hückel molecular orbital calculations by aligning the highest occupied level͑s͒ with the experimental threshold feature. The stick height is proportional to the orbital degeneracy and occupancy. The assumed structures for the corresponding calculations are also shown.
FIG. 7. Photoelectron spectra of Fe 9
Ϫ to Fe 12 Ϫ at 3.49 eV photon energy. See also caption in Fig. 6 . gap between the 1a 2 Ј and 4eЈ orbitals. If all the electrons were paired, the HOMO-LUMO gap would be between the 3eЈ and 2eЉ orbitals, which are nearly degenerate.
Those occupied levels within the experimental spectrum range are plotted in Fig. 6 as the stick spectrum by aligning the HOMO level with the threshold peak. The HOMO, 1a 2 Ј , is mostly composed of 3d orbitals. The 1a 1 Љ orbital is a strong bonding orbital from the 4s. We assign the first two bands in the spectrum to be from these two orbitals, respectively. In particular, the broad width of the second band agrees with its being from a strong bonding orbital. There are reproducible fine structures on both of these two bands. However, the insufficient resolution plus the seemingly irregular spacing prevents a vibrational assignment. Since Fe 3 has a degenerate ground state in the equilateral triangular structure, it is likely to be Jahn-Teller active, which will further complicate the spectrum. It can be seen from Fig. 6 that there is qualitative agreement between the one-electron EHMO energy levels and the PES spectrum except that the spacings of the calculated levels are too close.
Fe 4
The spectrum of Fe 4 Ϫ shows two broad and wellseparated bands. The second band is limited by the photon energy used and the spectrometer transmission while the first band exhibits a splitting as well as other unresolved fine features. The most recent calculation by Castro and Salahub yields a tetrahedral structure for the cluster with a bond length of 2.22 Å and twelve unpaired electrons. 36 We use the structural parameters obtained by Castro and Salahub in our EHMO calculations, which are shown in Fig. 6 as the stick spectrum, displaying those occupied orbitals in the same energy range as the experiment. The EHMO calculation gives ten unpaired electrons, compared with twelve obtained by Castro and Salahub from their LSDA calculation. Figure 13 shows the EHMO energy level diagram, which displays two groups of orbitals near the HOMO; a triply degenerate 2t 1 orbital followed by the densely spaced second group ͑3t 2 , 2e, 1t 1 , and 2a 1 ͒. We assign the first PES band to be from the removal of a 2t 1 electron and the second band to be from the second group of orbitals. Thus, the EHMO calculation can qualitatively account for the experimental PES spectrum with a tetrahedral structure. The tetrahedral Fe 4 cluster has a degenerate ground state, suggesting it is Jahn-Teller active. This is evident from the broad width and the splitting of the first band in the PES spectrum. 
Fe 5
The spectrum of Fe 5 Ϫ displays a sharp peak at the threshold. The spectral pattern looks similar to that of Fe 4 Ϫ except that there are weak features between the gap of the two strong bands. The LSDA calculation suggests that a JahnTeller distorted bipyramid is the most stable structure for Fe 5 . 36 We performed EHMO calculations with the LSDA optimized parameters and obtained rather unsatisfactory results compared to the experiment. Consequently, we tried two other structures; a symmetric bipyramid and a square pyramid. We found that the symmetric bipyramid gives the best result, which is shown in Fig. 6 as the stick spectrum. The calculation does indicate that there are more levels between the first occupied level and the more densely spaced levels at higher binding energy. The sharpness of the PES feature for Fe 5 Ϫ suggests that the Jahn-Teller effect in Fe 5 may be rather small if it takes place.
Fe 6-8
For clusters with size larger than Fe 5 , there is no calculation intending to optimize the cluster geometries. Therefore, the structural parameters are all assumed in our EHMO calculations. The nearest neighbor internuclear distance used for all the higher clusters is 2.43 Å, compared to the bulk lattice constant of 2.87 Å. The increase of the number of atoms in the clusters also means that there are more possible structures. For each of these clusters we performed EHMO calculations in several geometries.
The spectrum of Fe 6 Ϫ shows rather broad features near the threshold, suggesting that there is significant structural change from the anion to the neutral or that there is a strong Jahn-Teller effect. We carried out EHMO calculations in three geometries; octahedron ͑I͒, pentagonal pyramid ͑II͒, and capped trigonal bipyramid ͑III, shown in Fig. 6͒ . None of the structures gave satisfactory agreement with the experiment. The stick spectrum shown in Fig. 6 is the EHMO result of structure III. The densely spaced levels illustrate the complexity of this cluster. The diffused features of Fe 6 Ϫ are also unusual compared to its neighbors.
The spectrum of Fe 7 Ϫ , like that of Fe 6 Ϫ , is also lack of sharper features as seen in the other clusters. However, the first band in the Fe 7 Ϫ spectrum shows unresolved features, indicating the energy levels are more congested. The results from EHMO calculations, by assuming a pentagonal bipyramid structure, are plotted in Fig. 6 as the stick spectrum. It shows rather congested levels, consistent with the experiment. Both Fe 6 and Fe 7 have rather low electron affinities compared with their neighbors ͑as is evident in Fig. 11͒ .
The spectrum of Fe 8 Ϫ displays a rather sharp feature at the threshold. Previous IP calculations have assumed a cubic structure for Fe 8 . 33 We tested three structures in our EHMO calculations; cubic ͑I͒, capped pentagonal bipyramid ͑II, shown in Fig. 6͒ , and a bcc fragment ͑III͒ by removing a corner atom of a bcc Fe 9 ͑see below͒. None of the calculations yielded satisfactory results. The stick spectrum plotted in Fig. 6 is obtained from structure II, as shown. From its appearance, the spectrum of Fe 8 Ϫ is similar to those of the larger clusters. As will be shown below, EHMO calculations, by assuming simple bcc structures, yield rather good agreement for the larger clusters. However, the structure III for Fe 8 , which is similar to those bcc structures, gives quite poor agreement with the experiment.
The EHMO calculations do not yield satisfactory interpretations of the PES spectra for these three clusters. This is not surprising since their structural parameters are not known at all. The unusually diffuse spectra of Fe 6 Ϫ and Fe 7 Ϫ suggest that they may have strong Jahn-Teller effects. The sharp feature in Fe 8 Ϫ implies that it should have a rather high symmetry.
B. Fe 9 -Fe 15
We briefly reported our results on Fe 9-16 Ϫ previously. 67 For completeness, we present them here and focus on those aspects that could not have been included in the previous discussion. One of the most striking features in the PES spectra of this size range is the sharp features exhibited for all these spectra and their close similarity, as shown in Figs. 7 and 8. Particularly, the sudden spectral change from Fe 15 Ϫ to Fe 16 Ϫ coincides exactly with their chemical property changes. On the basis of the various previous structural hints, we use the bcc structure for Fe 9-15 in our EHMO calculations.
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The EHMO results for these clusters are plotted in Figs. 7 and 8. For the simplicity of these calculations, the agreement is impressive. The sharp threshold features are especially well accounted for. All these spectra show a gap followed by a broad spectral feature. This is well reproduced by the EHMO calculations. We attribute this good agreement to the correct structural assumptions.
Upon inspecting the EHMO wave functions, we find that all the MOs are fairly delocalized. In particular, the HOMOs of these clusters, which are responsible for the sharp features near the threshold, are all predominantly composed of 3d orbitals. Further more, these HOMOs all have the largest d contributions from the central atom in the bcc clusters. These d orbitals from the central atom overlap fairly well with orbitals from the other atoms. The orbital delocalization indicates that the cluster electronic properties as well as their chemical/physical properties might be sensitive to local structure changes, such as that taking place from Fe 15 to Fe 16 . It is also significant to observe that the major d contributions to the HOMOs are from the bcc central atom. This plus the structural similarity among these clusters explains the similarity of the cluster PES spectra in this size range. It is worthwhile to point out that the striking similarity among the spectra of Fe 13 Ϫ to Fe 15 Ϫ strongly suggests their structural similarity. The bcc structures are the most consistent with this observation.
C. Fe 16 -Fe 24
The Fe 16 Ϫ spectrum is shown in Fig. 8 23 . This leads us to suspect that the cluster growth after the bcc Fe 15 proceeds with a closely packed route; each additional atom attaches to a cubic edge around an apex atom of Fe 15 . There are 12 such positions. At every fourth atom ͑i.e., Fe 19 and Fe 23 ͒, a rather high symmetry cluster is recovered, consistent with the sharp PES spectral patterns observed for Fe 19 Ϫ and Fe 23 Ϫ . It is important to point out that these structures are different from the exclusive bcc structures used in the previous IP calculations. 33 We perform the EHMO calculations for these clusters using the structures described above. The results are displayed in Figs. 8 -10 as stick spectra. The agreement between the calculated energy levels and the PES spectral patterns is rather good, particularly below nϭ20. Quite impressively, the extra feature in Fe 16 Ϫ is well reproduced. Two other structures for Fe 16 , a true bcc fragment and one with atom-16 attached to a cube corner of the bcc Fe 15 , yield quite different energy levels. As the cluster size increases, the energy level structures become more complicated and are increasingly difficult to compare with the experimental PES pattern, especially beyond Fe 20 . This is understandable since there are more structural possibilities for the larger clusters. For Fe 19 alone, we performed calculations with two additional structures; fcc and polyicosahedral, two alternative structures which have been discussed for Fe 19 , previously. 62 The resultant energy levels are definitely worse compared to the PES pattern than the one shown in Fig. 9 .
Upon inspecting the calculated wave functions, we found that the HOMO of Fe 16 is composed mainly of s orbitals; the orbitals responsible for the second band in the PES spectrum of Fe 16 Ϫ are mostly of d orbitals with considerable contributions from the d orbitals of the central atom, similar to the situation found in the first band of Fe 15 Ϫ . Further examination of the wave functions indicates that as the cluster increases its size from Fe 15 to Fe 16 , the HOMO of the former evolves into the second HOMO ͑HOMO-2͒ in Fe 16 , whose HOMO becomes the s-like orbital corresponding to the threshold feature of the PES spectrum. As will be discussed in the next section, this abrupt electronic structure change underlies the reactivity changes of the clusters.
As the cluster size continues to increase, the second band remains to be overwhelmingly d-like with a significant contribution from the central atom, whose contribution can be traced even to Fe 24 with its amplitude decreasing as the cluster size increases. On the other hand, the HOMO, while maintaining significantly s-like, continues to evolve with increasing participation from the d orbitals.
V. DISCUSSION
A. Electronic and geometrical structural evolution
The electronic structure and EAs of the iron clusters exhibit strong size effect. The small clusters display rather well resolved spectral features. Fe 3 and Fe 4 have equilateral triangular and tetrahedral structures, respectively, 35, 36 and their main PES features are reasonably accounted for by the EHMO calculations. However, for Fe 5-8 , higher level calculations are required to interpret their PES spectra; the current EHMO calculations are insufficient probably due to their structural complexity. Fe 6 and Fe 7 have rather low EAs and unusually diffused PES spectra. The EHMO calculations appear to agree better for the larger clusters ͑nу9͒. We believe this is due to the judicious choices of the cluster structures 12, 33 and their insensitivity to precise structural parameters.
The density of states as a function of cluster size increases rather rapidly. It is expected that, beyond Fe 24 , little sharp features will be resolved even at the present instrumental resolution. However, comparing with nickel clusters in the same size range the iron clusters exhibit much more interesting features. This can be attributed to the stronger interactions of the d orbitals in the iron clusters, that is already evident in the dimers. 17 While iron dimer yields an interesting and simple PES spectrum with only two bands within 1 eV above the neutral ground state, the nickel dimer spectrum is much more complicated. 68 The nickel trimer 69 also has a much more complicated spectrum than the iron trimer spectrum reported currently.
The reasonable agreement between the EHMO results and the PES spectra beyond Fe 9 suggests that the bcc-type structure from Fe [9] [10] [11] [12] [13] [14] [15] , and the close-packed structure beyond Fe 15 are highly probable structures. In fact, the PES spectra themselves are already strongly suggestive that a new shell is started at Fe 16 in the cluster growth and this shell continues to grow for the larger clusters. This is consistent with the conclusions of the IP calculations by Pastor et al. for nϭ9-15 although they assumed bcc-like structures even for nϾ15. 33 If proven to be true, this would be highly unusual and interesting since these clusters already have similar structures as the bulk at such small sizes. Parks et al., through their extensive chemical studies, have proposed a bcc structure for Fe 15 .
12 However, they suggest polyicosahedral structures for Fe 19 and Fe 23 when saturated with NH 3 .
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They have observed adsorbate-induced structural changes. Thus, it is highly possible that the bare clusters may have different structures. Therefore, their conclusions are not in conflict with our structural assumptions. A recent simulated annealing calculation concludes that the small iron clusters have high symmetry and rather hollow structures. 64 Since this calculation predicts the wrong ground state structure for bulk Fe ͑it yields a fcc rather than the bcc structure for Fe͒, we conclude that higher level calculations are needed to confirm the structures of these clusters.
The ''central atom effect''-the first sharp PES peaks for Fe 9-15 Ϫ all have large contributions from the central atom 3d orbitals-provides an interesting support for the bcc structural assumptions and explains nicely about the seemingly similarities in the clusters with nу9. Beyond Fe 15 , the central atom effect manifests itself in the second PES band, and it can be traced up to Fe 24 . Interestingly, a unrestricted Hartree-Fock calculation, by using a tight-binding Hubbard model on the bcc Fe 15 , also predicts that the central atom has a large contribution to the density of states near the Fermi level. 34 The spectrum of Fe 8 Ϫ is similar to the larger clusters and should be classified with the Fe 9-15 series. However, the central atom effect cannot be found in Fe 8 . Calculations are performed by using a true bcc fragment for Fe 8 , in which a corner atom is removed from the bcc Fe 9 . The energy levels do not agree well with the experiment as they do for the higher clusters. It is possible that we do not find the right structure for Fe 8 in the EHMO calculations since, with only eight atoms, it cannot form a true bcc fragment. Yet, the sharp feature at the threshold and the overall spectral pattern of Fe 8 Ϫ look quite similar to the higher bcc-type clusters. How big a cluster is a metal has been an interesting question in cluster research. However, the answer may depend on what properties one is interested in. Recent magnetic studies 2 indicate that the cluster magnetic moments approach the bulk limit at a cluster size of approximately 700 atoms for iron. 2 Clearly, the density of states increases rapidly with cluster size. However, even for the largest cluster investigated in the present study ͑Fe 24 ͒, there are still recognizable features in its PES spectrum. Recently, Zhao et al. have investigated the metal-nonmetal transition in transition metal clusters with close-packed structures. 70 They concluded that the critical size for the metal-nonmetal transition is about 30-50 atoms, and their criterion was that at the critical point the density of states of the cluster exceeds 1/k B T. Our instrumental resolution of 30 meV is close to k B T at room temperature. As mentioned above, up to Fe 24 we can still resolve features in its PES spectrum. The EHMO energy levels are also less dense compared to 1/k B T. These seem to agree with the theoretical predictions. With careful account for the Franck-Condon profiles in the photodetachment process, further PES studies of the larger clusters should be able to quantitatively test the conclusions for the critical sizes of the anticipated metal-nonmetal transition.
B. Iron cluster magnetism, chemical reactivity, and their electronic structure
Two of the most interesting properties of iron clusters are their magnetism and chemical reactivity, which are closely related to their electronic structures. The magnetic properties of the iron clusters have been well studied and they are all shown to be magnetic. [2] [3] [4] [30] [31] [32] [33] [34] [35] [36] The magnetism of these clusters is also well revealed from the EHMO calculations and the number of unpaired electrons obtained from the EHMO calculations, as shown in Table I , are quite reasonable compared with other theoretical calculations. [30] [31] [32] [33] [34] [35] [36] The unpaired electrons of these clusters arise from the nature of the EHMO energy level structures and the tendency to reduce the electron repulsion by occupying as many nearly degenerate or closely spaced levels as possible. This is due to the same exchange interaction that gives bulk magnetism. 65 The correct prediction of the magnetism from the EHMO calculations, although not from the first principle, is interesting.
The dramatic size-dependent reactivity of these clusters with H 2 is well known. 8, 9 Several interpretations have been advanced, 8, 9, 28, 29 but it is still not well understood. The central question in interpreting the size-dependent reactivity of these clusters is why the change of only one atom can affect the cluster reactivity so dramatically.
In the present study, we intend to show that the iron cluster chemical reactivity with H 2 can be best described by considering the detailed electronic structures of the clusters, based on the experimental PES spectra and the symmetries of the cluster frontier orbitals. First, from the calculated wave functions, we find that all the cluster molecular orbitals are fairly delocalized. The orbital delocalization indicates the sensitivity of the electronic structure to minor geometric structure changes in the iron cluster ͑e.g., addition or subtraction of a single atom͒. If such a change results in a change of the nature of the frontier orbitals, one expects that a cluster chemical reactivity change will follow. As described above, the behavior of the HOMOs in the iron clusters varies with cluster size as revealed from the EHMO wave functions, as well as from the PES spectral changes. This will naturally lead to different cluster reactivity. More specifically, when H 2 approaches a cluster, the effective orbital overlap between the H 2 * and the HOMO of the cluster is critical in determining the reactivity. In general, two factors will influence this orbital interaction; the energy level and the symmetry of the cluster HOMOs. It is thus not surprising to find a correlation between the IP and the reactivity 9 because the IP is a measure of the HOMO levels. However, the HOMO energy level change in the cluster size range of interest is relatively small. 24 In fact, the IP change is less than 0.1 eV from Fe 15 to Fe 16 and less than 0.25 eV from Fe 18 to Fe 19 , while the reactivity changes by orders of magnitude in the same size ranges. The HOMO energy level match, therefore, is probably not the major effect in these cases. Siegbahn et al. arrived at the same conclusion. 28 Thus, the symmetry of the cluster HOMOs becomes the dominating factor in determining the orbital overlap-hence the reactivity. We believe this provides the key insight into the dramatically different reactivity with H 2 observed for the iron clusters.
As mentioned in Sec. IV, the HOMO levels, including those levels responsible for the sharp features in the spectra of Fe 9-15 Ϫ and those levels responsible for the second band in Fe 16 Ϫ , are mainly of 3d characters with large contributions from the central atom. The symmetry of these HOMOs matches with the H 2 * orbital, leading to high reactivity. However, the HOMO of Fe 16 Ϫ , corresponding to the threshold feature in its PES spectrum, is distinctly different; it mainly has 4s characters with minor 3d contributions. It is not symmetry-matched with the H 2 * orbital, hence an extremely low reactivity. The s-type HOMO of Fe 16 provides a ''shielding effect'' to protect the cluster from being attacked by the incoming H 2 molecule despite the presence of the symmetry-matched d-type orbitals corresponding to the sec-
